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Knee extensor fatigue resistance of young and older men and women performing 
sustained and brief intermittent isometric contractions 
 
Abstract 
Introduction: Susceptibility to muscle fatigue during aging could depend on muscle 
activation patterns. Methods: Young (mean age 22 yrs) and older (mean age 70 yrs) 
men and women completed two fatigue tests of knee extensor muscles using voluntary 
and electrically stimulated contractions. Results: Older subjects displayed a shift to the 
left of the torque-frequency relationship and held a sustained voluntary isometric 
contraction at 50% maximal strength for significantly longer than young (P<0.001). 
Young and old showed similar fatigue during electrically-induced, intermittent 
isometric contractions (1-s on, 1-s off for 2 min), but women fatigued less than men 
(P=0.001). Stronger muscles fatigued more quickly, and slower contractile properties 
were associated with longer sustained contractions. Discussion: The slowing and 
weakness of older muscle was associated with superior fatigue resistance during 
sustained isometric contractions. Young and old showed similar fatigue following a 
series of brief, intermittent contractions, but women fatigued less than men. 
 
Key words 
Skeletal muscle; fatigue; aging; weakness; Myoage  
 3 
List of Acronyms and Abbreviations 
YM: young men  
YW: young women 
OM: older men 
OW: older women 
MVC: maximal voluntary isometric contraction torque 
T: the amplitude of the superimposed doublet  
T: the value of the resting doublet 
ANOVA: Analysis of variance 
SD: Standard deviation 
SEM: Standard error of the mean 
ATP: Adenosine triphosphate 
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INTRODUCTION 
Older people have been shown to have greater fatigue resistance during sustained 
voluntary or electrically-stimulated isometric contractions of upper limb or lower leg 
muscles1-5. During sustained contractions where the intensity is greater than around 
40% maximal isometric strength the blood supply to the active muscle becomes 
occluded by the pressure generated within the muscle6 and this can restrict oxidative 
energetic recovery. The rate of fatigue in this instance is due mainly to the rate of 
energy utilization. For oxidative recovery to occur there needs to be a period of 
relaxation between contractions. Typical patterns of muscle activation usually involve 
intermittent contraction/relaxation cycles, allowing blood to perfuse the muscle during 
the relaxation phase. Thus, the rate of fatigue that occurs following intermittent muscle 
activation reflects the balance between energy expenditure during contraction and 
regeneration during relaxation. Some studies have reported less fatigable muscles in 
older compared with young adults when performing intermittent contractions7-11. 
However, all of these studies utilized relatively long contraction durations (~5 – 30-s 
contractions with similar rest interval), and these studies were carried out in peripheral 
muscles acting on the ankle joint or hand. 
Studies of the quadriceps femoris have provided conflicting reports which might be 
explained by methodological differences in contraction/relaxation protocols, the use of 
voluntary or electrically stimulated contractions, and possible differences between the 
sexes.  Callahan et al12 found that older men and women were more fatigue resistant 
when they performed repeated intermittent, voluntary 5-s contraction / 5-s recovery 
cycles. However, in other studies that utilized a recovery time between contractions of ≤ 
2-s, no difference was seen in fatigue profiles of young and older men13-15. It is unclear 
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whether age-related differences in fatigue would be seen if the contraction and 
relaxation durations were both reduced to ≤ 2-s. It also remains to be determined 
whether sex differences similar to those seen in young individuals following 
intermittent fatiguing contractions16 are also present in old, or whether such differences 
diminish, as was the case for sustained contractions of the arm flexors3. 
Quadriceps muscle fatigue following intermittent activation has been studied using 
voluntary12,13 as well as electrically-stimulated activation14-16. Electrical stimulation 
protocols have the advantage that they bypass possible bias related to central activation 
of muscle, such as the possibility that older people show greater decline in central 
activation17,13 or a different response of the motor unit firing rate during fatiguing 
contractions11. They therefore provide a greater focus on factors at or distal to the 
neuromuscular junction and in the muscle itself as causes of fatigue. Stimulated 
contractions have also been used to study age-related differences in fatigue following 
prolonged, sustained contractions of small peripheral muscles4. Sustained stimulated 
contraction of the quadriceps can be very unpleasant and cause muscle soreness lasting 
several days (unpublished observations). Therefore, to distinguish the effects of 
voluntary activation failure or motivation from peripheral muscle fatigue during a 
sustained contraction of quadriceps, brief electrically stimulated-contractions can be 
applied on to sustained voluntary activation18. 
In light of the questions raised here, this study was undertaken with the objective to 
examine age and sex differences in fatigue resistance following two different types of 
contractile activity, one a sustained voluntary isometric contraction to task-failure and 
the other an intermittent series of brief electically-stimulated contractions. 
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MATERIALS AND METHODS 
Subjects and ethical approval 
The study conformed to the latest revisions of the Declaration of Helsinki and received 
approval from the ethics committee of the Faculty of Science and Engineering at 
Manchester Metropolitan University. Data were collected from 9 young men (YM), 8 
young women (YW), 9 older men (OM), and 10 older women (OW), who were 
participating in the MYOAGE Study19. All subjects provided written informed consent 
after the procedures had been explained fully.  Young subjects were recruited from 
among the university student population, and older subjects were recruited from the 
local community. Subject characteristics are shown in Table 1.  All were healthy and 
recreationally active, but none were engaged in sporting competitions. Subjects were 
excluded if they had a history of neuromuscular or skeletal disease or injury, 
cardiovascular, metabolic or other major disease, or if they were suffering pain or injury 
that would prevent them from performing maximal effort contractions of the leg 
muscles. Older subjects received clearance from their medical doctor to take part in the 
study. 
Overview of study procedures 
Subjects completed 2 fatigue protocols, 1 on each leg. All assessments were of the knee 
extensor muscles using a custom built isometric testing dynamometer with torque 
signals recorded via a computer interface running customized Labview (National 
Instruments Corporation, Texas, USA) and Matlab software (Matlab, the Mathwork Inc., 
S Natik, MA, USA). The leg and fatigue protocol to be used first were chosen at random. 
On the first leg, subjects completed assessments of maximal voluntary isometric 
contraction torque (MVC) with assessment of the voluntary activation capacity using 
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the interpolated twitch technique18. After a short rest of around 2 min, contractile 
properties were assessed using a series of electrically stimulated contractions16.  After 
another short rest period, the first fatigue test was performed. Subjects were then 
allowed to rest for around 6 min while the equipment was set up to test the second leg.  
On the second leg, MVC was assessed, and after a short rest of around 2 min, the second 
fatigue test was completed. No subject reported pain (e.g. in the knee) that interfered 
with the ability to perform contractions, and the protocols were well tolerated.   
Isometric maximal voluntary contraction torque 
Knee extensor MVC was assessed at a knee angle of 90° (where full extension is 0°) and 
a back support at 85° (where lying supine is 0°).  A strap was secured firmly across the 
hip joint, and the lower leg was secured firmly to the force transducer 2 cm above the 
ankle malleolus. Subjects were familiarized with knee extension exercise by performing 
3 contractions at around 50% of maximal effort, each lasting 3 s and another 2 
contractions at around 80% maximal effort. After 2 min rest, subjects were instructed to 
perform a maximal effort by increasing force rapidly and sustaining the maximal effort 
for around 3 s. This maximal effort was repeated twice more or until the highest 2 
values were within 10%, the highest value being taken as MVC. Visual feedback was 
available throughout, and strong verbal encouragement was provided. 
Voluntary activation 
The capacity to activate the knee extensor muscles during isometric contractions was 
assessed using the interpolated twitch technique18,20.  The procedure was fully 
explained, and the subjects were slowly accustomed to the electrical stimulation. Muscle 
stimulation electrodes (AmericanImex, CA, USA) were placed over the proximal (anode) 
and distal (cathode) heads of the quadriceps femoris muscles.  The electrodes were 
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connected to a Digitimer DS7AH (Digitimer Ltd, Herts, UK) via anode and cathode leads. 
Voltage was set at 400 V at a pulse width of 200 μs.  A “doublet” stimulus (2 pulses 
separated by 10 ms) that induced ≥ 30% MVC was applied to the relaxed muscle. 
Approximately 1-s later the subject performed a maximal voluntary effort, and a 
doublet was applied again at the highest point of the MVC. This test was performed 
twice, and the percentage voluntary activation was calculated as: 
Voluntary activation = 100 * (1 – t/T) 
where t is the amplitude of the superimposed doublet (i.e. the size of the additional 
peak) and T the value of the resting doublet. 
 
Torque-Frequency relationship and rates of contraction and relaxation 
The torque-frequency relationship was determined using pre-set pulse width, voltage, 
and current (200 μs, 400 V, and the current, which differed between subjects, that 
elicited 25% MVC at 30 Hz). The muscle was stimulated at 7 different frequencies (1, 10, 
15, 20, 30, 50, and 100 Hz) in random order, separated by 60-s, and with the tetani 
lasting 2-s. The maximal torque output at each frequency was recorded and expressed 
as a percentage of torque elicited at 100 Hz. Relaxation rate (delta force/delta time), 
normalized relaxation rate (relaxation rate/peak force), and half relaxation time of the 
30 Hz contraction were also calculated16. 
Sustained Fatigue test 
The procedure for the sustained isometric contraction fatigue test was explained fully to 
subjects. A computer interface was set to show the target force at 50% MVC, and the 
subject was allowed to practice holding the torque at the target line for 3 – 5 s.  After a 2 
min rest the subject was asked to perform a voluntary contraction at 50% MVC for as 
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long as possible.  The end point was taken as the time at which the torque fell below 
45% MVC for more than 3-s despite strong verbal encouragement to regain the required 
50% target. The end point of this fatigue test may be determined by central or 
peripheral muscle fatigue. Thus, to assess the extent of central activation, stimulated 
doublets (that elicited around 30% MVC in rested muscle) were superimposed at 10-s 
intervals throughout the test in a subgroup of 13 young and 16 older subjects (similar 
split for men and women). The superimposed stimuli were normalized to a doublet 
applied to the resting muscle prior to commencement of the test, as described for the 
calculation of voluntary activation, above. Figure 1 shows an example of raw data in a 
young and older man.  
Electrically stimulated intermittent contraction fatigue test 
The procedures of this test were fully explained to the subject, emphasising the need to 
remain relaxed throughout the test, avoiding any voluntary contractions of muscles 
acting around the knee. The test was carried out after setting pulse width, voltage and 
current at: 200 μs, 400 V and current that elicited around 25% MVC at 30 Hz, 
respectively. A total of 60 stimuli of 1-s duration were applied, each separated by 1-s 
rest interval over the course of two minutes.  Subjects received visual and verbal 
feedback throughout the test which helped them stay relaxed. This intermittent, 
stimulated protocol allowed relaxation and hence metabolic recovery, between 
contractions and bypassed the possible complications of motivation and differences in 
voluntary activation. The test was well tolerated; all subjects remained relaxed (i.e. no 
additional voluntary contraction), and all completed the full 2 min protocol. 
Statistical analysis 
 10 
Data were analyzed using SPSS v18 (IBM, USA).  A two-way ANOVA was used to assess 
sex and age effects and possible interactions between sex and age. An age x sex 
interaction would indicate that the effects of age differ between men and women. The 
Pearson product moment correlation coefficient was used to determine the 
relationships between variables. Descriptive data in Table 1 are expressed as mean ± 
standard deviation (SD), while all other data relating to comparisons between groups 
are expressed as mean ± standard error of the mean (SEM).  Differences between 
groups were considered significant at P<0.05. 
RESULTS 
The older subjects were weaker than young, and women were weaker than men (Table 
2; P<0.001). The young group had slightly higher voluntary activation than the older 
group during maximal isometric knee extension (P = 0.033; Table 2). 
Muscle contractile properties 
Significant sex and age differences were found in rates of relaxation following a brief 30-
Hz stimulus, with men having faster relaxation than women, and young faster than old 
(Table 2). The torque/frequency relationships (Figure 2) show that older subjects 
produced relatively more force than young at 1 Hz (P = 0.017), 10 Hz (P = 0.005), 15 Hz 
(P = 0.007), and 20 Hz (P = 0.028). The torque/frequency relationships did not differ 
between men and women. 
Sustained Contraction Fatigue Test 
Figure 3 shows individual data points for the time to task failure as a function of age in 
men and women. There was no significant difference between sexes (P=0.416), but the 
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older subjects were able to sustain the contraction on average for around 20-s longer 
than the young subjects (71.2 ± 5 vs 91.5 ± 5 s in young and old, respectively; P = 0.001). 
Voluntary activation was assessed throughout the fatigue test by using the 
superimposed doublet stimulation, and the results (Figure 4) show that at the start of 
the contraction activation was close to 50%, as expected, since the target was set at 
50% MVC.  There was then a steady increase in activation until at task failure the older 
subjects were activating their muscles to approximately 84% and the young to 88% of 
their maximum, with no difference between ages (P = 0.181) or sexes (P = 0.908) at task 
failure. 
When analyzing the full dataset, time to task failure was significantly related inversely 
with MVC (r = -0.458; P = 0.005; Figure 5) and related positively to ½ relaxation time (r 
= 0.360, P = 0.034). 
Intermittent contraction fatigue test 
Intermittent electrically-induced 30-Hz tetani of 1-s duration and 1-s recovery between 
stimuli were applied to knee extensors to elicit 60 cycles of contraction / relaxation, 
taking a total of 2 min. The 30-Hz stimulus applied to fresh muscle gave similar relative 
force in all groups, as can be seen in the torque-frequency relationship (Figure 2). 
Figures 6a and 6b show the mean (SEM) data for men and women, respectively, for the 
full duration of the intermittent fatiguing protocol. Young and old showed similar force 
loss through the duration of the test (P = 0.480), but women fatigued less than men 
(P=0.001).  At the end of the test, the percentage force that remained (fatigue index) 
was 54.8% (±2.2), 56.4% (±2.6), 67.8% (±3.3), and 63.4% (±2.7) in young men, older 
men, young women, and older women, respectively. 
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When analyzing the full dataset, the fatigue index was correlated inversely with the 
MVC (r = -0.394, P = 0.016), but not with the ½ relaxation time (r = 0.290, P = 0.086). 
The fatigue index from the intermittent stimulated test was not correlated significantly 
with the time to failure of the sustained contraction test (r=0.222, P=0.192). 
DISCUSSION 
We have utilized 2 different fatigue tests to differently stress the mechanisms of energy 
expenditure and regeneration to examine age and sex differences in skeletal muscle 
fatigue resistance. The results show that older men and women were able to hold a 
sustained contraction at 50% of MVC for around 20 s longer than young men and 
women. However, when the pattern of activation was changed to short, intermittent 
contractions with brief rest intervals, the young and older adults showed similar 
declines in force throughout a series of 60 contractions. The following discussion 
considers the contrasting findings in the two different fatigue tests as well as sex 
differences that were evident in the intermittent fatigue test. 
Effects of aging on the sustained isometric contraction 
Our results show a longer endurance time to task failure in older compared with young 
adults during a sustained isometric contraction of the knee extensors, which extends 
previous work that looked at smaller muscle groups1-5. A sustained isometric 
contraction is a task that involves high voluntary effort, and maintaining the contraction 
at 50% MVC becomes increasingly unpleasant, possibly due to build-up of ischemic 
pain. One possible explanation for the lesser performance of the young subjects is that 
they were more susceptible to central fatigue than the older subjects. However the use 
of superimposed stimulation demonstrated that at the point of task failure both young 
and older subjects were recruiting similar relative fractions of the muscle (84 and 88%, 
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respectively), indicating that the difference in fatigability reflects mainly differences in 
peripheral mechanisms of fatigue. Progressive recruitment of motor units and a small 
contribution of central fatigue at task failure in young and older adults has been 
reported in previous studies of elbow flexor1,3 and plantar flexor muscles17. 
In all groups (young, old, men, and women) there was approximately a two-fold inter-
individual variation in time to task failure. One possible factor that has been discussed 
in relation to individual differences in muscle fatigue is that larger and stronger muscle 
might fatigue more rapidly in both sustained3 and intermittent contractions8,21,10. We 
also observed an inverse relationship between time to task failure and muscle strength 
(Figure 5). One might think that larger muscles might develop higher intramuscular 
pressures, causing greater occlusion of blood flow. However, this is unlikely to be the 
explanation for differences in fatigability between young and old, since oxygenation of a 
muscle depends on the relative, rather than the absolute, force the muscle generates,6 
and even relatively small rabbit muscles produce intramuscular pressures sufficient to 
occlude blood flow22. 
A reason for the superior performance of older subjects during the sustained isometric 
contraction probably lies in the different contractile properties of old and young muscle.  
Slow contracting type I fibers constitute a greater proportion of the overall muscle in 
older compared with young subjects23. Our examination of contractile properties 
showed muscles of young men to be fastest, followed by young women, with older men 
and women being the slowest, based on measurements of relaxation rates (Table 2) and 
the effect this has on the torque/frequency relationship (Figure 2). Slower muscles of 
older people have been shown to have a lower energy turnover during prolonged 
isometric contraction and accumulate metabolites at a slower rate24,8,25. The lower rate 
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of energy turnover of older muscle could be due to slower cross bridge kinetics or lower 
cation pump activity in the sarcoplasmic reticulum and plasma membranes26.  
Effects of age on the intermittent contraction fatigue test 
The intermittent fatigue protocol reflects the balance between energy expenditure 
during contraction and regeneration during relaxation. While older muscles had a 
longer time to task failure during a sustained isometric contraction, there was no 
difference between young and older subjects during a series of brief intermittent 
isometric contractions. This is consistent with 2 recent systematic reviews27,28 which 
suggested that older subjects have superior fatigue resistance during sustained 
isometric contractions, but this advantage is not seen when performing dynamic 
(intermittent) contractions. It has been suggested that electrically-evoked muscle 
contractions may preferentially activate larger, faster fibers and possibly induce greater 
glycolytic flux that increases the rate of fatigue (for review, see29). It would then follow 
that older and young muscle may have differential responses to electrical stimulation 
due to the higher susceptibility of type 2 fibers to atrophy with aging30. However, recent 
reviews suggest muscle electrical stimulation activates the mix of both fast and slow 
fibers located within ‘range’ of the electrodes29,31. A more likely explanation is that the 
ability to regenerate ATP during the rest intervals plays a significant role in delaying the 
onset of fatigue. Some studies suggest older people have higher oxidative ATP 
production compared with young8,25. Lower mitochondrial enzyme activity was found 
in older gastrocnemius but not vastus lateralis muscle32. Several other studies show 
lower oxidative capacity33 and mitochondrial content or activity as well as 
microvascular supply in older muscle compared with young33-38. A decrease in oxidative 
capacity may impair the performance of older muscle during intermittent contractions.  
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In contrast, such a decrease in oxidative capacity would play a lesser role in the rate of 
fatigue during sustained isometric contractions where blood flow is occluded6.   
Another explanation for the failure of slower, older muscle to translate to greater 
fatigue resistance during brief intermittent contractions might relate to the energetics 
of muscle contraction.  The energy consumed by a muscle that is shortening and 
performing work is greater than when it is contracting isometrically (Fenn effect)39. 
Furthermore, the differences between the energy demands of isometric and shortening 
contractions varies between fast and slow muscles.  Barclay et al40 showed that slow 
mouse soleus muscles had relatively low rates of energy turnover during isometric 
contractions, but this increased up to four-fold during rapid shortening. In contrast, the 
fast extensor digitorum longus muscle had higher energy turnover in the isometric 
state, but this increased only modestly during shortening contractions.  Thus, the 
efficiency of slow muscles decreases to a greater extent than that of fast muscle as the 
velocity of shortening increases. Extrapolating this to relatively slow older human 
muscles and faster young muscles, we may assume that, during sustained isometric 
contractions the lower energy turnover of the older muscles conveys an advantage and 
permits superior endurance during prolonged contractions, as discussed above. 
However, during shortening contractions, the energetic demands rise considerably for 
the slower older muscles, and any advantage they had in the isometric state is lost. 
Although the brief intermittent contractions we have used are described as “isometric”, 
at the start of each contraction there is considerable shortening as the muscle stretches 
compliant structures such as tendons, connective tissue, joint structures, and parts of 
the apparatus. Thus, in addition to developing tension, internal work is also done. This 
additional energy cost can be considerable, as the energy costs of a series of short 
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isometric contractions is nearly twice that of a continuous isometric contraction of the 
same duration and results in greater force loss and slowing of the muscle41. 
The energy cost of a single isometric contraction will consist of a fast component at the 
start of the contraction where internal work is being done and a slower component 
when the muscle has reached the isometric phase. The proportions of these 2 
components will depend on the duration of the contraction. For short contractions of 1 
sec, as in this study, the shortening phase might occupy one-third to one-half of the total 
contraction time and so contribute a great deal to the total turnover, offsetting the 
advantage that older muscle has during purely isometric contractions. As the duration 
of the contraction increases, so the relative contribution of the energy associated with 
the initial shortening will diminish, and slower muscle will regain its energetic 
“advantage”. This may explain why several studies that utilized intermittent isometric 
contractions of 5- up to 30-s, with similar recovery intervals, show that older muscle 
fatigues less than young25,7,9,12.  However, where the duty cycle was changed so there 
was a shorter contraction / recovery interval such as in this study and in other 
reports13-15, there was no difference in the extent of fatigue in young and old subjects. 
Sex differences 
In this study, men and women had similar time to task failure when sustaining the 
contraction at 50% MVC. Although this is in agreement with the work of Maughan et 
al42, a larger sample size might be needed in future studies to account for the 
considerable inter-individual variability. In studies that utilized a lower target force in 
the knee extensors, women were found to have a longer time to task failure than 
men43,42. Interestingly, where sex differences were reported in young subjects holding 
an isometric contraction of elbow flexors, they no longer existed in older men and 
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women3. We have observed that the greater fatigue resistance of young women 
compared with men performing intermittent contractions continues into old age 
(Figure 6).  We had previously attributed greater fatigue resistance during intermittent 
contractions to a slower muscle phenotype in young women compared to men16 arguing 
that this led to slower ATP turnover and thus slower fatigue. In the present study we 
again observed slower muscle in women compared with men, but another critical factor 
could be the difference in oxidative capacity, or the regeneration of ATP during the brief 
recovery interval between contractions. The fact that the difference in fatigue resistance 
between men and women during the intermittent contractions persists into old age 
indicates that the differences between men and women in rates of ATP use or its 
recovery also continue into old age. 
Limitations 
A limitation of this study into age- and sex-differences in muscle fatigue is that the 
models of muscle activation using a mix of electrical stimulation and voluntary 
contractions limits the extent to which direct correlations can be made between the 
results derived from the 2 types of fatigue test. Furthermore, the results from the single 
joint are not fully representative patterns of muscle activation in vivo, such as walking 
or stair climbing. In ‘real-life’ scenarios, fatigue is influenced by multiple systems that 
integrate human movement such as neural control, cardiorespiratory adjustments, 
motivation, perception of effort, and sensory feedback. When trying to understand the 
occurrence of fatigue during usual daily tasks it should be born in mind that, 
quantitatively, older muscles are smaller and weaker than young muscles and since, in 
general, body weight tends to increase with age, the older muscles will be working at a 
higher relative load.  The tests of fatigability that we and most other groups have used 
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have been standardized to the strength of the muscle, not to the tasks that they are 
required to perform in daily activities. Consequently, the commonly used tests of 
fatigability may underestimate the actual stress of daily activities on older people. 
Conclusion 
We conclude that older muscle is, in general, more resistant to fatigue than young when 
performing sustained isometric contractions of the knee extensors. However, following 
a series of 60 brief, intermittent isometric contractions young and old did not differ in 
the extent of fatigue. Significant sex differences were observed following the brief, 
intermittent contractions, where young and older women had better fatigue resistance 
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Figure 1: Example raw data from a sustained fatigue test in a young and older man.  The 
test began with a stimulated doublet to approximately 30% MVC and immediately after, 
the voluntary contraction began.  Electrically-stimulated doublets were superimposed 
every 10-s throughout the test, indicated by the arrows. The twitch-interpolation 
technique was used to assess the level of voluntary activation following each stimulus. 
 
Figure 2: Torque-frequency relationship.  Mean ± SEM are shown for young (filled 
squares) and older subjects (open squares). Subplots show typical torque traces for a 
young (y) and older man (o) at each stimulation frequency. * indicates significant 
difference between age groups.  No significant differences were seen between sexes. 
 
Figure 3: Individual data points for sustained isometric contraction held at 50% MVC 
until task failure.  No significant difference was found between men (squares) and 
women (triangles), but old sustained the contraction for longer than young.  *Indicates 
significant difference between young and old of P<0.0005. 
 
Figure 4: Progression of peripheral muscle voluntary activation during the sustained 
contraction fatigue test in young (filled squares, solid trend line) and older subjects 
(open squares, dashed trend line).   
 
Figure 5: Time to task failure during the sustained contraction held at 50% MVC plotted 
as a function of MVC.  Young men (filled squares); young women (filled triangles); older 
men (open squares) and older women (open triangles). 
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Figure 6: Decline in torque during the intermittent isometric contraction fatigue test. A: 
young men (filled squares) and older men (open squares).  B: Young women (filled 
triangles) and older women (open triangles).  The protocol included 60 stimulated 30-
Hz contractions of 1-s, each separated by a 1-s relaxation interval. Mean ± SEM are 






Variable YM YW OM OW 
Age 22.4 (3.1) 22.3 (1.9) 68.9 (4.4) 71.1 (3.4) 
Height (m) 1.81 (0.07) 1.69 (0.03) 1.74 (0.07) 1.58 (0.06) 
Body mass 78.9 (9.3) 61.9 (3.9) 73.2 (5.0) 59.3 (10.6) 
BMI 24.0 (3.3) 21.6 (1.5) 24.1 (1.9) 23.9 (4.4) 
Table 1: Subject characteristics.  Mean (SD) in young men (YM), young women (YW), 
older men (OM), and older women (OW).  
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Variable YM YW OM OW 
MVC (Nm) * 286.7 (12.0) 175.2 (6.4) 167.5 (10.8) 101.2 (6.2) 
% activation * 89.6 (1.5) 92.9 (1.1) 86.9 (1.4) 87.2 (2.9) 
Normalized relaxation 
rate (s-1) * 
16.8 (0.9)  14.0 (0.8) 12.9 (0.7) 12.1 (0.5) 
½ relaxation time 
(ms) * 
65.4 (3.6) 77.0 (9.6) 84.3 (4.6) 96.1 (5.9) 
 
Table 2: Contractile characteristics of quadriceps femoris. Mean (SEM) in young 
men (YM), young women (YW), older men (OM), and older women (OW). MVC: maximal 
voluntary contraction; % activation: percentage of muscle activated during MVC; 
Normalized relaxation rate and ½ relaxation time have been normalized to peak torque. 
½ relaxation time is the time taken to relax from the final pulse of a 30 Hz electrically-
stimulated contraction to 50% peak torque. Data are mean (SEM). * indicates significant 
age difference;  indicates significant sex difference. 
 
